binds to 30 different human PDZ domains, whereas the expressed human NS1 protein binds at a very low level or not at all (Fig. 3B) . The identities of these 30 PDZ domain-containing proteins are shown in table S3 and include members of all classes of PDZ domain proteins with roles in cell polarity, T cell proliferation, and mitochondrial localization, among others.
Thus, although the molecular consequences of these interactions are as yet unknown, it appears that avian NS1 proteins, when introduced into human cells, have the opportunity to bind to and presumably disrupt many PDZ domain protein-mediated pathways that the human NS1 protein cannot. The 1957 H2N2 and the 1968 H3N2 influenza pandemics were caused by viruses in which only the surface glycoproteins HA and NA and the polymerase protein PB1 of the prevalent human strains were replaced by avian-like molecules, while the remaining core genes remained of human virus origin. In contrast, the recent H5, H7, and H9 outbreaks in Asia were caused by viruses in which the entire complement of influenza genes, including those encoding NS, were derived from an avian source. We propose that the introduction of avian NS1 into human cells can potentially disrupt many cell pathways via binding to PDZ domain-containing proteins, whereas the human NS1 does not. Disruption of these pathways at the cellular level may well contribute to the higher mortality rates reported in the recent outbreaks as compared to those seen in previous pandemics, though it is clear that multiple genes and gene products are involved. This finding reveals an entirely new means by which AIV may interact with host cell proteins, and these proteins may prove valuable as targets for antiviral therapy.
The wealth of AIV genome data provided by this sequencing project has revealed virus families showing conserved combinations of core proteins; frequent reassortment among the surface proteins; newly observed clades of the PB1, PB2, PA, and NP genes; and a possible virulence marker in NS1. We expect that further analysis of this data by the research community will be valuable in understanding AIVs and how they contribute to human disease. Artificial muscles and electric motors found in autonomous robots and prosthetic limbs are typically battery-powered, which severely restricts the duration of their performance and can necessitate long inactivity during battery recharge. To help solve these problems, we demonstrated two types of artificial muscles that convert the chemical energy of high-energy-density fuels to mechanical energy. The first type stores electrical charge and uses changes in stored charge for mechanical actuation. In contrast with electrically powered electrochemical muscles, only half of the actuator cycle is electrochemical. The second type of fuel-powered muscle provides a demonstrated actuator stroke and power density comparable to those of natural skeletal muscle and generated stresses that are over a hundred times higher.
A lthough nature_s choice is to chemically power the diverse muscles of her design with a high-energy-density fuel, humankind has largely taken another route.
In those systems, electrical energy is typically converted to mechanical energy by means of motors, hydraulic systems, or piezoelectric, electrostrictive, or electrochemical actuators (1) (2) (3) (4) (5) (6) (7) (8) (9) . Because of high electrical power needs, some of the most athletically capable robots cannot freely prance around because they are wired to a stationary power source.
There are exceptions to this use of electrically powered actuators: Chemically powered artificial muscles based on polymer gels were demonstrated over 50 years ago and remain of practical interest for both chemically and electrically powered actuators (10) (11) (12) . Although actuator strains can be very large, their application has been limited by low response rates, low stress generation, and the low energy densities of the chemicals used for driving actuation. The combustion of fuels in a preburner has been used to indirectly power actuation of shape-memory alloys (13) , and muscles that act as fuel cells have been proposed (14, 15) but not experimentally demonstrated. Also, nanoscale and larger actuators that are powered by oxygen gas released by the catalytic decomposition of hydrogen peroxide have been described (16) (17) (18) (19) (20) .
We experimentally demonstrated two types of artificial muscles that are powered by highenergy-density fuels (hydrogen, methanol, or formic acid). The first type uses a catalystcontaining carbon nanotube electrode that simultaneously functions as a muscle, a fuel-cell electrode, and a supercapacitor electrode. The result is a muscle that converts chemical energy in a fuel to electrical energy and can use this electrical energy for actuation, store it, or potentially use it for other energy needs. The second type of artificial muscle functions as a Bcontinuously shorted fuel cell[ that converts chemical energy in a fuel to thermal energy that produces actuation.
The first demonstration was of a cantilever actuator (Fig. 1A ) in which a nanotube sheet strip was laminated with a mixture of Pt-coated carbon and Nafion ionomer (21) . The actuating cantilever electrode was immersed in 1 M H 2 SO 4 , and the counter-electrode was a Pt-C-Nafion ionomer layer deposited on a Nafion-117 membrane, which separated the fuel (hydrogen, at the counter-electrode) from the oxidant (oxygen, at the nanotube actuator electrode) and enabled hydrogen ion diffusion between electrodes when the electrodes were shorted. Unlike traditional fuel cells, where the anode and cathode are deposited on each side of a proton-conducting membrane (such as Nafion), the anode and the cantilever-type cathode in our design are mechanically uncoupled but ionically connected to each other by a liquid electrolyte, enabling actuation during charge/ discharge operation of the cell. This fuel-cell muscle type is in part electrochemical and uses the catalyst-containing carbon nanotube sheet electrode as an artificial muscle. Although both the working and counterelectrodes can actuate, only one electrode was used for actuation in this initial demonstration. Reversible actuator strokes result from electronic charge injection into carbon nanotubes (22, 23) . The simultaneous movement of ions of the electrolyte into close proximity to the injected electronic charge forms the so-called electrochemical double layer, which enables high charge injection by maintaining overall charge neutrality. This close proximity of electronic charge on the carbon nanotubes and counter-ions in the electrolyte is enabled by the nanoscale porosity of the carbon single-walled nanotube (SWNT) sheets and the corresponding high surface area, È300 m 2 g j1 (23) .
Instead of actuating in response to an applied inter-electrode voltage, the chemically powered actuator electrode generates a potential by acting as a fuel-cell electrode. The fuelcell muscle generates and capacitively stores electrical energy (which simultaneously causes actuation) when the inter-electrode circuit is open. Oxygen gas at the cantilevered nanotube electrode is reduced in the presence of Pt. Four protons in the H 2 SO 4 combine with an O 2 and four electrons extracted from the carbon nanotube electrode to produce two water molecules. The resulting injection of positive charge (holes) into the nanotube sheet causes actuation, with the SO 4 2-ions serving as countercharges. Reaction continues until the nanotube electrode is fully charged, generating a half-cell potential of È0.9 V versus that of a normal hydrogen electrode (NHE) (Fig.  1A) . This differs from the continuous power production process of an ordinary hydrogen fuel cell, where the protons and electrons needed to produce water come from the hydrogen electrode. Also, unlike the case of electrically powered actuation using double-layer charge injection, the amount of charge injected into the two electrodes depends only on their individual charge storage capability. Fig. 1 . Nanotubebased fuel-cell muscles. (A) Schematic illustration of the apparatus used for demonstration of a cantilever-based nanotube fuel-cell muscle. Element a is the membrane electrode assembly (composed of a porous carbon bilayer, a Pt-C-ionomer layer, and a Nafion-117 membrane) that is the counterelectrode to the actuating Pt-containing nanotube cantilever strip (element b). (B) Schematic illustration of a one-compartment cell mounted in a dynamic mechanical analyzer (DMA) for tensile measurements during either fuel-driven or electrically driven actuation. Elements a, b, and c are electrical wires connecting to the fuel-cell muscle working electrode (catalyst-containing nanotube sheet), the carbon felt counter-electrode, and the Ag/AgCl reference electrode, respectively. Element d is the measurement probe assembly of the DMA. (C) Potential and actuator strain versus time for a tensile nanotube actuator that is alternately exposed to pure O 2 (red) or a mixture of 5 volume % H 2 in inert gas (blue). An N 2 purge between the O 2 and H 2 purges has negligible duration on this time scale. The slow actuator response results from the present need to dissolve different gases in relatively massive amounts of electrolyte in different parts of the actuation cycle. Creep, which is also a problem for electrically (Fig.  1A) . The discharge of the fuel-cell muscle, where actuation is reversed, corresponds to the recombination of electrons on the hydrogen electrode with the holes on the oxygen electrode (the actuating nanotube sheet) when the inter-electrode circuit is closed. Simultaneously, the H 2 -derived protons diffuse to the carbon nanotube cathode to replace H þ ions in the liquid electrolyte that were used to make water during the hole-injection part of the actuator cycle.
The observed actuator stroke during chemically driven charge injection was a 2-mm deflection of a 3-cm-long nanotube cantilever in È5 s, as the nanotube electrode potential increased to È0.8 V (versus NHE) ( fig. S1 ). The opposite actuator deflection, obtained when the hydrogen and oxygen electrodes were shorted, occurred in È1 s ( fig. S1 ). Breaking the connection between electrodes caused recharging of the nanotube muscle and return to the deflection of the initially charged state.
Although this fuel-cell muscle uses only one electrode for actuation, both electrodes can simultaneously serve as muscles. To demonstrate this, we switched the oxygen and hydrogen delivery, so that the actuator electrode became the hydrogen electrode. This causes a decrease in the time required for the charge-injection stroke to 1 to 2 s and a 180-phase shift in actuator response direction. This phase shift and unchanged actuation amplitude result from the low charge-storage capacity of the nanotube sheet as compared to that of the much larger counter-electrode. As a result, the nanotube electrode potential cycles between È0 and È0.9 V (versus NHE) during charge and discharge, and only the direction of this shift depends on the gas at the actuating electrode.
Again using hydrogen as the fuel, oxygen as the oxidant, and 1 M H 2 SO 4 as the electrolyte, we also drove forward and reverse actuation of a Pt-containing nanotube sheet in a onecompartment cell (Fig. 1B) . The fuel and oxidant were introduced one at a time, with an N 2 purge in between. Instead of using a cantilever actuator as the electrode, we used a nanotube sheet that was uniformly filled with catalyst and characterized actuation in tension (21) . The actuation observed in this setup is driven by the same half-cell reactions as described in the previous two-compartment cell (Fig. 1A) , where the fuel and oxidant are continuously present in separate compartments. Because the driving potential and electrolyte are unchanged, the basic mechanisms (quantum-mechanical and coulombic) (23) for causing changes in nanotube dimension should be identical.
In the forward actuation step, the nanotube sheet was double-layer charged to 0 V (versus NHE) by filling the cell with hydrogen. After purging the cell with N 2 to avoid direct contact of a H 2 and O 2 mixture with the catalyst, we filled the cell with O 2 , which reversed the charging and actuation direction as the nanotube electrode went to a potential of È0.9 V (versus NHE). Although very long actuation times result in this configuration from the need to periodically dissolve gases in relatively massive amounts of electrolyte, this experiment enabled a reliable comparison between chemically driven and electrically driven actuation in one electrolyte for the same type of Pt-infiltrated nanotube sheet. The obtained results (Fig. 1C) show that the potential changed from È0.0 to È0.9 V (versus NHE) as the hydrogen gas in the cell was switched to oxygen, and that the length increase of the nanotube sheet was È0.035%. Essentially the same length change resulted for electrically driven actuation between these potentials in the utilized electrolyte (Fig. 1D ). This actuation strain is within a factor of 3 of the typically 0.1% maximum strain for commercial highmodulus ferroelectrics, which usually require about 100 V of externally applied potential for operation (1) .
Although the efficiencies of polymer electrolyte fuel cells do not exceed 40% at peak power (24) , the second type of fuel-powered muscle can use essentially all of the energy produced by fuel oxidation to produce the heating needed for actuation (15) . This muscle is called a continuously shorted fuel-cell muscle because the effective redox reactions occur on a catalyst-coated shape-memory metal. Unlike the situation in a classical fuel cell, both fuel and oxidant are simultaneously delivered to a single electrode (a Pt-coated shape-memory wire), which functions as a shorted electrode pair.
Our demonstrations used a NiTi shapememory wire coated with Pt catalyst particles as the fuel-cell muscle and either hydrogen, methanol, or formic acid as fuel (21) . The Ptcoated shape-memory wire was attached to a sample holder of a dynamic mechanical analyzer and placed in an enclosure with provision for the simultaneous introduction of fuel and oxidant ( Fig. 2A) . Contact of the fuel and an oxidant (oxygen or air) causes the mechanically loaded wire to heat to above the austenitic phase-transition temperature and do mechanical work during the resulting contraction. Upon interruption of the fuel, the wire cools to below its martensitic phase-transition temperature and returns to its original length (Fig. 2, B and C) .
This fuel-powered muscle (Fig. 2B ) supported stress of È150 MPa or more while undergoing È5% contraction when powered by a mixture of oxygen (or air) and either methanol vapor, formic acid vapor, or a noncombustible mixture of hydrogen in inert gas. This stress-generation capability is È500 times that which is typical for human skeletal muscle (0.3 MPa), whereas the percent stroke is È25% that of this natural muscle (1) . Hence, the work capability of the continuously shorted fuel-cell muscle on lifting a weight (5300 kJ m j3 for methanol and 6800 kJ m j3 for hydrogen or formic acid) is over 100 times that of skeletal muscle (È40 kJ m j3 ) (1). The percent contraction (5, 7, and 8% observed for 150-, 122-, and 98-MPa loads, respectively, using 2.5 volume % hydrogen in inert gas as fuel) can be increased to far above the È20% typical of skeletal muscle (1) by simply coiling the shape-memory wire, albeit with a proportional decrease in stress generation. The presently achieved power density (68 W kg j1 during the work part of the cycle for hydrogen fuel) is similar to that of natural skeletal muscle (typically about 50 W kg j1 ) (1) . By increasing the fuel delivery rate and optimizing fuel composition and catalyst loading, it should be possible to dramatically increase power density.
